We propose the use of single nucleotide polymorphisms (SNPs) instead of polymorphic microsatellite markers for individual identification and parentage control in cattle. To this end, we present an initial set of 37 SNP markers together with a gender-specific SNP for identity control and parentage testing in the Holstein, Fleckvieh and Braunvieh breeds. To obtain suitable SNPs, a total of 91.13 kb of random genomic DNA was screened yielding 531 SNPs. These, and 43 previously identified SNPs, were subjected to the following selection criteria: (1) the frequency of the minor allele must be larger than 0.1 in at least two of the three examined breeds, and (2) markers should not be linked closely. Allele frequencies were estimated by analysing sequencing traces of pooled DNA or by genotyping individual DNA samples. The selected SNP loci were physically mapped by radiation hybrid mapping or by fluorescence in situ hybridization, and tested against the neutral mutation hypothesis. The presented marker set theoretically allows probabilities of identity less than 10 )13 for individual verification and exclusion powers exceeding 99.99% for parentage testing.
Individual identification and parentage control are essential for consumer protection and efficient management of animal populations. Today, highly polymorphic microsatellite markers are well established in cattle and used successfully for these purposes (Glowatzki-Mullis et al. 1995; Heyen et al. 1997) . However, single nucleotide polymorphisms (SNPs) promise considerable advantages over microsatellite markers: (1) lower mutation rates, (2) more robust in laboratory handling and data interpretation (Krawczak 1999) , (3) suitability for standardized representation of genotyping results as a digital DNA signature (Fries & Durstewitz 2001) , and (4) suitability for various genotyping techniques and high potential for automation (Kruglyak 1997) . One disadvantage is that any SNP has a lower information content, compared with a highly polymorphic microsatellite. But this disadvantage can be compensated for by a higher number of markers. Recently, a set of SNP markers for animal identification and paternity testing in US Beef cattle was presented by Heaton et al. (2002) . Here we report on the development of a similar set of SNP markers for use in the major European dairy and dual-purpose breeds: Holstein, Fleckvieh and Braunvieh.
Two hundred and three bovine bacterial artificial chromosome (BAC) clones from the BAC library Bovine II, no. 754 (Buitkamp et al. 2000) (RZPD, Berlin, Germany) were chosen at random. The BAC ends were sequenced directly using vector-specific primers. Repetitive and coding sequences were identified by BLAST searches. To obtain polymerase chain reaction (PCR) fragments in the range of 500 to 800 bp, primers were designed with a T m of 60°C and a 3¢-GC clamp using the Primer3 program (Rozen & Skaletsky 2000) .
To identify SNPs and to estimate their respective allele frequencies, we selected unrelated bulls belonging to the Bos taurus taurus breeds German Holstein (n ¼ 35), German Fleckvieh (n ¼ 33), German Braunvieh (n ¼ 32), Kerry (n ¼ 1) and Angus (n ¼ 1). Additionally, one Sahiwal and one Hariana animal representing Bos taurus indicus were selected. Genomic DNA was extracted from frozen bull semen. To facilitate searching and evaluation of SNPs, DNA pools were prepared for German Holstein (Sbpool, n ¼ 33), German Fleckvieh (Fvpool, n ¼ 32) and German Braunvieh (Bvpool, n ¼ 28) by adding equal amounts of DNA of the individual samples as measured by fluorometry (DyNAquant 200, Hoefer Scientific, San Francisco, CA, USA).
The PCR fragments were amplified from 50 ng genomic DNA in a total volume of 20 ll with 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 10 lM of each dNTP, 2 mM MgCl 2 , 0.5 lM of each primer and 0.5 U of AmpliTaq (PE Biosystems, Foster City, CA, USA). The cycling conditions used were 3 min initial denaturation at 94°C, followed by 30 cycles of 30 s denaturation at 95°C, 1 min annealing at 60°C, and 1 min extension at 72°C. Amplification products were sequenced using an ABI 377 sequencer (PE Biosystems). Sequence data were analysed using the Phred/Phrap/Polyphred/Consed software suite (Nickerson et al. 1997; Gordon et al. 1998) .
Through this procedure, a total of 91.13 kb of genomic DNA was screened yielding 531 SNPs. From these and 43 previously identified SNPs (obtained from the laboratory of M. Georges), 58 candidates promising adequate allele frequencies were pre-selected by visual assessment of the sequencing traces. Allele frequencies at these SNP loci were determined more accurately by (1) genotyping of individual DNA samples or (2) by systematic analysis of sequencing traces from DNA pools. Individual samples were genotyped by means of an oligo ligation assay (Landegren et al. 1988) . The PCR and cycle ligation reactions were multiplexed 5-10 times as essentially described by Baron et al. (1996) . The 5¢ ends of the allelespecific primers were modified with covalently bound pentaethyleneoxide size modifiers of various lengths. The common probes were 5¢ phosphorylated and carried a fluorescent dye (6-FAM, TAMRA or HEX) on their 3¢ ends. Electrophoresis and fluorescence detection were carried out on an ABI 377 DNA sequencer. Sequencing traces from the DNA pools were analysed by comparing normalized amplitude values of the two alternative bases from the pooled DNA with their normalized amplitude values from homozygous and heterozygous individuals using an algorithm described by Winter et al. (2002) . The analysis was automated using python scripts (http://www.python.org), which are available on request.
The chromosomal locations of the 58 SNPs were determined by radiation hybrid mapping and/or by fluorescence in situ hybridization (FISH). Radiation hybrid mapping was performed using a 5000 rad bovine-hamster radiation hybrid panel (Womack et al. 1997) . Breakage probabilities, h, were converted to additive distances d (cR 5000 ) according to the formula d ¼ ) ln (1 ) h) (Cox et al. 1990 ). The FISH analysis was performed following a standard protocol.
Based on mapping results, 37 loci with the widest physical distance from one another were selected to establish our initial SNP marker set for identity control and paternity testing (Table 1) . Marker information including primers and mapping data has been deposited in UniSTS. Most of these SNPs are not known to be located closely to coding sequence (Table 2) . Additionally, one SNP (ZFXY), which distinguishes the homologous genes ZFX and ZFY (Aasen & Medrano 1990) , was used as a gender assay. For each SNP locus, the alternative genotypes were represented as a binary pair -Ô10Õ, homozygous for base 1; Ô11Õ, heterozygous; Ô01Õ, homozygous for base 2; Ô00Õ, assay failure -and concatenated as a digital DNA signature (Fries & Durstewitz 2001) . Each SNP locus holds a defined position within the digital DNA signature.
To get an indication about nucleotide variation within our marker set, nucleotide diversity (p) and nucleotide polymorphism (h) were calculated based on the sequences of three individuals each of German Holstein and German Fleckvieh. The estimates of p and h, based on six chromosomes per breed, vary greatly (Table 2 ). This does not allow to draw general conclusions if the randomly chosen BAC sequences are representative of the bovine genome. However, values estimated from all obtained DNA fragments in German Holstein were p ¼ 0.00096 ± 0.00053 and h ¼ 0.00098 ± 0.00058, which is in good agreement with previous estimates (Steele & Georges 1991; . To test whether the chosen SNPs might be affected by selection, Tajima's (1989) test for neutral mutation was performed (for results see Table 2 ). The test statistic for some SNPs deviates significantly (P < 0.05) from the expectation under the neutral mutation hypothesis, even when Bonferroni correction is applied. These loci may therefore be located in, as yet, unrecognized coding regions of the genome or they may be in linkage disequilibrium. Those questionable loci will be examined further and excluded in case that substantial deviation is confirmed.
Based on the allele frequency estimates shown in Table 1 , we calculated a theoretical probability of identity of lower than 10 )13 for individual identification and an exclusion power of more than 99.99% for parentage control using this marker set in the considered breeds. This shows that 37 SNPs reach the power of a typical microsatellite set commonly used for this purpose. The presented marker set contributes to a growing number of SNPs in cattle that will allow the establishment of an international standard set with sufficient exclusion powers and probabilities of identity within the whole bovine species. The usefulness of the presented SNPs within other cattle breeds will be tested in future. We propose to extend the digital DNA signature to obtain a marker set for the entire bovine species. For identity control and paternity analysis in a given population, single nucleotide queries can be restricted to the most polymorphic positions in this population. In future, further SNP sets for detection of hereditary diseases, analysis of production traits Table 1 The SNPs selected for identity control and parentage testing with estimates of associated allele frequencies. Probabilities of identity for identity control and exclusion probabilities for paternity control serve as power assessment parameters for the whole marker set within the examined breeds. Weir (1996) . 5 Calculated according to formula 3 in Jamieson and Taylor (1997 Tajima Primer sequences are shown in 5¢ to 3¢ orientation. 
1990).
NA not applicable (no SNP detected within the three examined animals). *Significant deviation (P < 0.05) from the expectation under the neutral mutation hypothesis.
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